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Abstract 
Industries are increasingly paying attention to maintenance services, due to the relevance that maintenance is taking as a business and profit 
centre within the companies. Many of the improvements could be obtained using new technologies and strategies to maximize service level and 
to reduce the maintenance costs. Predictive maintenance (PdM) technologies, whether on-line or inspection, are key in this change as they 
provide supervision and control over assets condition.  
 
However, it is important to avoid risky upgrades that may have no positive effect on maintenance operations cost-benefits, and hence may serve 
to underestimate the potential of PdM and finally stop maintenance progress. Here is important to pay attention to several aspects of the 
proposed upgrades, such as the maturity of the proposed technologies. Also, the culture and organization of the company should be taken into 
account, and in particular is very important to understand the existing level of information management at the company, where bottlenecks at 
information acquisition, transmission or processing concerning reliability and maintenance operations can be expected.  
 
This paper presents a methodology that provides a continuous assessment of PdM technologies with respect to specific business scenarios. The 
methodology integrates existing reliability and maintenance business analysis techniques and standards, always having in mind the positive 
impact that may have the implementation of these technologies. A critical simulation tool is also developed in order to compare different PdM 
strategies. The paper finally explains how this methodology has a positive impact not only on the cost-effectiveness of maintenance processes, 
but also on the maintenance information available.      
 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Performance improvements in maintenance activities are 
usually measured by availability and operational reliability 
indicators. They should be obtained preserving maximum 
quality and safety levels and minimizing the costs. In the 
current scenario of competitiveness, improvement efforts are 
essential to reach high levels of effectiveness and efficiency in 
every company’s production or operational department. The 
purpose is to achieve competitive advantage (in products or 
offered services) based on different hard-to-copy aspects, i.e. 
know-how. 
To obtain maximum performance, the organizations must 
be prepared for changes and there are three interconnected 
areas [1]: 
x Processes, work fluxes to achieve the improvements (e.g. 
doing more preventive work instead of corrective work). 
x Technologies to facilitate or enable some processes. 
x The organization -and people within the organization- must 
validate any change, so tools that ease changes are truly 
understood and accepted. 
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One of the approaches for improvement is to identify and 
to apply predictive maintenance (PdM) techniques which 
would help to identify potential anomalies in advance. In this 
context, PdM is still an important area of improvement for 
Original Equipment Manufacturers (OEMs), maximizing the 
value of their products through extended lifetime services -not 
just within warranty periods- as well as for end users, that can 
maximize the availability and performance of their assets with 
optimum maintenance costs. 
Habitual PdM systems are mainly focused in just condition 
monitoring. That is, the identification of anomalies in order to 
mitigate critical system failures before time-based 
replacement (or repair) is completed. This is the usual 
approach at systems that require extra safety approaches (e.g. 
nuclear, aerospace). However, PdM true potential is related to 
the extension (or cancellation) of repair and replacement 
periods, helping companies in their shift from ‘fail and fix’ 
policies to ‘predict and prevent’ [2] 
There are different ways to achieve cost-effective PdM. 
One vector of improvement is the use of high-tech elements 
which can serve to help maintenance specialists in rapid on-
site inspections, or even to perform an on-line remote 
assessment of the asset conditions. Another vector is to rely 
on third party services that can perform specialized analysis, 
diagnostics and audits over specific areas (e.g. the lubrication 
process)  
1.1. The maintenance information gap 
The positive effect of PdM approaches in the improvement 
of operation and maintenance processes may be mitigated by 
different reasons. The lack of adequate information 
concerning the maintenance process is one of them. Lack of 
information can be due to different causes. Several examples 
follow: 
x The signal is acquired (e.g.: vibrations) but stored just 
locally due to difficulties/cost in data transmission (e.g.: 
aero-generators) 
x Too often the failures and work order handled by 
maintenance personnel does not reaches the OEM and then  
cannot understand its machinery reliability – Different 
departments and even different companies 
x Lack of information transmission between operation and 
maintenance processes, apart from scheduled plans for 
preventive maintenance and inspection. No information on 
machinery performance, nor on short/medium term 
operational schedule  
x Condition signal acquired by third party services (e.g. 
vibration, lubrication, and thermography) and handled in 
isolation, with a single ‘condition monitoring’ purpose.  
At the end there is a lack of proper acquisition, 
transmission and storage of vital data that needs to be shared 
and communicated with the appropriate areas of the company 
(management, operation, maintenance, OEM). It may be 
argued that this lack of the information systems is because of 
the organizational culture and of the business processes. 
However, in many cases the lack of adequate information 
channels is motivating a certain culture of isolation. 
This is critical and has at minimum two different effects on 
the development of any strategy for continuous improvement: 
At the starting point of any improvement, the quantity and 
quality of the maintenance and reliability information needs 
may appear discouraging. Simulation tools can help 
identifying how a new PdM approach may help -or hinder- in 
the cost-benefit of the life cycle of the product, or in the 
global productivity of the plant. But most tools rely on several 
types of data not available at the beginning. Second, during 
the whole process, there is a need for metrics. The 
identification of true improvements is also difficult if only 
partial information is available. The Key Performance 
Indicators (KPIs) initially planned can become unfeasible. 
This paper illustrates a methodology to overcome this 
information gap, which helps in starting to take decisions with 
a small amount of information that is typically available at the 
beginning, and allows a progressive increase in confidence on 
how to improve maintenance operation. 
2. Improvement model 
Maintenance should be a constantly improving activity, 
which enhances the quality of service and optimizes operating 
costs. Condition-based maintenance and predictive strategies 
based on cutting-edge technologies are arriving to the market 
and their continuous cost reduction opens wide opportunities, 
helping the operation and maintenance personnel to perform 
tasks more effectively. 
There are cost-effectiveness studies of different types of 
strategies, but it is normally difficult to measure with the 
existing tools the impact of predictive strategies [3,4,5,6]. 
 
 
Fig. 1. Deming cycle. 
To overcome this gap, a simple model is developed to 
guide a cost-effective application of predictive maintenance 
technologies. This model is based on the application of 
existing technologies (Balance Scorecard, Failure Modes 
Effects and Cause Analysis - FMECA, Preliminary Hazard 
Analysis - PHA,…) and follows a six-step structure based on 
a Deming cycle that gradually improves each process or 
service by means of a better adaptation of technologies to 
maintenance needs. 
 
195 Aitor Arnaiz et al. /  Procedia CIRP  11 ( 2013 )  193 – 198 
The cycle is continuously fed with new information to 
improve maintenance operation in a cost-effective manner, 
having also into account new technologies or processes 
related to PdM, that may be already available or under 
development. The steps are carried out in a cyclical manner as 
shown in figure 2.  
2.1. Selection of the objectives (step 1) 
The first step is to establish the main objectives. It is 
essential to know exactly the situation of the company in 
order to know what should be improved and to align the 
vision-mission-strategies-objectives-indicators. These 
objectives should be aligned with different types of KPIs: 
Financial; technical; cultural. There are many different 
techniques that can serve to achieve the correct alignment 
between the company and indicators, such as Balanced 
Scorecard. 
2.2. Identification of the most important products/processes 
(step 2) 
The next step is the identification of the main objects or 
processes where simulated improvements may have the most 
critical impact on the selected KPIs. Results include 
machinery parts (e.g. planetary systems), product types (e.g. 
specific aero-generator gearboxes) or target sectors (e.g. 
wind-farms with less than 50 MW) among others.  
Criticality tables are used in order to rank the results and 
select an appropriate subset for further analysis and 
simulation in the next steps. 
2.3. Analysis of selected product/processes (step 3) 
An exhaustive analysis of selected products/processes is 
carried out to have a clear idea of their main important 
aspects. Analyzing the most critical assets is very useful in 
order to obtain the selected objectives. Also, it is feasible as 
the number of assets selected after Step 2 is very limited. 
The information is usually organized and collected through 
the use of different tools, such as Failure Mode and Effect 
Analysis (FMEA) or Risk Analysis (PHA). A complete 
understanding of the assets identified in the previous step is 
achieved, and enables the use of simulation tools. 
2.4. Development of the proper strategy for each critical 
product/ processes (step 4) 
This step consists of the analysis and assessment of 
simulated maintenance strategies for the selected critical 
products/processes. There are different techniques for 
implementing and analysing these aspects. 
The cost assessment simulation is done in this step and is 
the most critical part of the whole model, because it is the way 
to indicate if any profit or competitive advantage can be 
achieved by using more automatic maintenance tasks, 
especially predictive maintenance. An ad-hoc optimization 
tool has been developed to better simulate the impact of PdM 
technologies and compare with traditional strategies. 
The analysis is done with a maintenance strategies 
simulator [7], which introduces the details related to 
predictive systems (sensor costs, inspection costs, 
estimations/probability of errors –false positives) with other 
data or information related to corrective and preventive 
maintenance costs and reliability information [8, 9].  
The key actions in the simulation process are: To use a 
valid source of information; to employ a relevant selection of 
key characteristics and behaviors; to make approximations 
and assumptions when necessary; and to understand the 
fidelity and validity of the simulation outcomes.  
The simulation is made with a Monte Carlo approach 
where probability density distribution of failure for the 
equipment or component is estimated, firstly from 
bibliographical data and later from real failure information, 
increasing progressively the confidence value. 
 Fig. 2. Deming cycle adapted for PdM strategies improvement  
2.5. Implementation and assessment (Steps 5 & 6) 
Once a new mode of operation or strategy is decided, these 
two lasts steps are run iteratively, in a separate cycle, in order 
to compare the simulation results in step 4 with the real results 
obtained after the deployment of the new strategies. This 
deployment is normally progressive (concept complete 
design, lab trials on demo or test benches, first deployment on 
selected machines, etc.) 
The selected strategy is implemented at least in one control 
group in order to evaluate the results. New procedures, 
hardware and software technologies will be deployed and 
tested. Using the initially defined KPIs, the assessment will 
evaluate whether the initial objectives and the simulated 
improvements are being fulfilled or not. 
If the objectives are not fulfilled, i.e. there are large 
deviations from the simulated cost assessment, it is necessary 
to return back to the previous step and identify the deviations 
sources. If the assessment confirms the objectives, new 
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objectives can be defined to follow with the continuous 
improvement methodology. 
2.6. Specifics of the methodology for identification of 
improved lubrication processes   
Whereas the steps indicated so far are common to all 
improvement cycles, there can be adaptations of particular 
steps depending on the specific targets (lubrication, security, 
etc.).  
Lubrication is one of the most important elements within 
the field of industrial maintenance, since it ensures the 
efficient working of the machines. It is a field with huge 
potential for lowering costs, increasing the useful life of 
machinery and ensuring more efficient production. 
Nevertheless, for a number of reasons the correct lubrication 
process has been relegated to second place in the vast 
majority of companies today, and nearly 70% of mechanical 
faults today may arise due to lubrication problems. 
Having this in mind, the improvement cycle has also put an 
special effort on the development of an adequate procedure to 
analyse and assess the status of the lubrication process, and 
thus, in step 3 (Analysis of selected products/processes) the 
FMECA analysis is substituted by an ad-hoc audit tool where 
different ‘failure categories’ are analysed, such as use of 
inappropriate lubricants, inadequate storage systems and 
processes, lubrication procedures, existing contamination 
sources of dust, water, harmful substances or other lubricants, 
etc.  
All these are failure categories that are activated depending 
of the KPIs and subsequent equipment and processes that are 
linked to the selected KPIs 
As a consequence, and together with simulated results of 
Step 4, there are also a number of recommended activities that 
permit an improvement in the processes of lubrication and 
maintenance of lubricated systems:  
x Training of personnel involved in the lubrication chain. 
x Improvement of tasks related to storage, handling and 
contamination control. 
x Design of lubrication procedures and the taking of 
adequate samples. 
x Analysis of the lubricants, control, monitoring and 
corrective actions. 
x Management, control and lubrication indicators. 
The implementation of these processes is also part of the 
improvement cycle. Depending on the industry it is necessary 
to move from one stage to another building up correct 
practices and developing a culture of lubrication. Here the 
improvement model is helping in the correct re-assessment of 
the process in a cyclic manner.  
3. Impact and results 
3.1. Impact on improved OEM Quality of Services  
The improvement model described in the previous chapter 
is being currently used in different sectors, such as machine-
tools, aero-generator drive trains or elevators. Having in mind 
the initial KPIs that are identified at step 1 (Identification of 
objectives), the step 2 (Identification of the most important 
product/processes) focuses on main contributors to KPI 
inefficiencies, such as spindle, gear-box and door-mechanism 
among others (for instance, the importance of spindle systems 
to unreliability with respect to other machine-tool parts, such 
as slideways, or the impact of certain door related failures in 
the planned maintenance costs). 
Selecting these critical elements allows a detailed study of 
the principal failures and causes at step 3 (Analysis of 
selected product/processes), using information of FMEA 
combined with information analysis of the machinery 
population. 
At step 4, the analysis is focused on technologies and 
processes with potential to identify the failure before it 
happens. Different systems were found to solve failures with 
different degrees of confidence and coverage of the different 
failure modes (e.g.: a costly particle sensor can be much more 
accurate than a periodic inspection of the lubricant, but the 
degree of cost-effectiveness varies depending the Mean Time 
Between failures - MTBF, the cost of the inspection, the 
sensor accuracy, etc.) 
The improvement analysis finishes with the estimation of 
the potential impact of the different strategies (corrective, 
time based, inspections) measured in Euro’s, comparing the 
simulated cost of the selected technologies and alternative 
strategies, considering several known or estimated variables 
such as frequency of the inspections, reliability, and cost of 
failures, inspections and preventive actions. A typical 
representation can be in figure 3.  
 
 
Fig. 3. Impact of four different strategies of maintenance (form purely 
corrective to a sensor-based remote monitoring strategy) of a mechatronic 
component within a system, taking into account a combined cost segmented 
on three different cost categories converted from original KPIs (red color- 
Cost of repair and loss of revenues when the component fails; blue-cost of the 
planned preventive activities; and green- cost of the planned monitoring 
activities -whether remotely automated or on-site manually assisted)  
These estimations allow different questions to be asked, 
such as,  
x What is the cost target for a sensor if we want to 
implement a remote monitoring system?  
x Which accuracy should have the sensor?  
x Which is the best manual inspection frequency if we prefer 
this option? 
x When preventive replacement strategies are too costly?  
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For instance, Figure 3 shows how manual activities related to 
frequent inspections (one inspection per month) or preventive 
replacements (one replacement per year) may not be the right 
approaches for a particular component. It also shows that 
there is a feasible remote monitoring system at the same level 
of cost-effectiveness than a corrective strategy.  
3.2. Impact on improved quality of information 
Improvement cycle is not only focused on optimizing the 
maintenance processes, but it is also focused on the 
improvement of information acquisition and storage, as well 
as on the extraction of best key performance indicators 
(KPIs), which otherwise are difficult to extract. 
Table 1. KPI evolution: This table is shows, ordered from top to bottom, a 
typical evolution in the type of KPIs defined by the companies as the cycles 
of improvement are carried out.  
KPI Description Source of information 
Reliability Number of failures   Typically available from the 
beginning, but in many cases 
incomplete (only part of the 
failures is known)  
Availability Time with machine is up 
and running in perfect 
operating conditions 
Normally requires productivity 
information, nor easily 
reachable by maintenance 
personnel, neither by OEMs 
Maintenance 
cost 
 Costs (materials, personnel, …) 
in many cases scattered and 
incomplete 
Wrench time Time needed to perform 
one action (corrective, 
preventive) excluding 
non-productive activities  
Detailed maintenance 
information. Need of portable 





Different sources more related 
to customer relationships than 
to maintenance – somehow 
linked to ‘perceptions’ rather 
than real facts. 
 
Firstly, the improvement of the information is very much 
related to the analysis of the first steps in the cycle. For 
instance, it is normal to start working with a single indicator 
as initial KPI, which is usually much linked to the indication 
of machinery reliability or availability. During the 
improvement cycle, new indicators are discovered and these 
always carry specific actions to access to new sources of 
information, necessary to evaluate these new indicators. This 
targeted search of specific information within the company, 
while running the improvement cycle, is much more 
rewarding than an initial global search of all the available 
information in the company. For instance, once wrench time 
is targeted as important to control, the company may look for 
specific hardware and software tools, such as smart phones 
with specific maintenance process execution apps. These tools 
will provide information for the new indicators requested. 
Areas outside management can also better understand the 
requests for more information, and communication with 
engineering, production and management areas is thus simpler 
and more effective. Table 1 shows a typical increase in 
indicators as improvement cycles are carried out. 
On the other hand, the initial assessment with a reduced 
feedback (with a minimal information set) may illustrate the 
information lacks that the organization may have. A side 
result of an initial analysis performed during an initial 
identification cycle is to improve the way failures are 
reported. This can be linked to different actions: With a 
reduction in the amount of incidences not clearly typified; 
with the use of clear and consolidated FMECA failures and 
causes in work order reports; with a reduction in the usage of 
uninformative work order fields (such as ‘other causes’...); 
and, again, with more collaboration between engineering and 
maintenance areas.  
Conclusions 
This paper presents a methodology that provides a 
continuous assessment of PdM technologies with respect to 
specific business scenarios. While the methodology integrates 
mainly existing reliability and maintenance business analysis     
techniques and standards, new specific tools are added when 
necessary, such as a specific auditing tool for lubrication 
process analysis at step 3, or, more important, a simulation 
tool for step 4 able to provide coherent comparison of 
expected performance in KPIs for different potential 
maintenance strategies, including PdM strategies. 
As indicated, the impact is not only in the identification of 
best cost-effective alternatives, but also in the quality of 
information handled by the maintenance business units.     
It is expected that this tool may help companies, and 
specially maintenance services, to understand how a 
predictive technologies may push forward the maintenance 
business in many sectors (energy, transport, production, 
SME…) where there are different difficulties for the adoption 
of PdM technologies: Initial costs of PdM deployment and 
product integration; lack of understanding of these 
technologies and tools; and reticence for maintenance culture 
change. These drawbacks require proving, coherent tools that 
may show when new technologies are cost-effective. 
At the very end of this improvement process is the new 
role that the maintenance function is taking, particularly at the 
manufacturing industry. Taking into account the life-cycle 
management oriented approach, where limits on resources and 
energy consumption require a sharp change in the objectives 
of manufacturing, maintenance activities are gaining in 
attractiveness as business and profit sources, and will hence 
become of equal importance to actual production activities 
[10]. This change is causing a shift in emphasis from the need 
to produce more efficiently to ensure customer satisfaction 
and profitability, and the methodology presented here will 
surely help companies to develop this changing business 
focus with confidence in the actual and future performance of 
their maintenance processes. 
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